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Chemokine control of lymphocyte trafficking: a general overview
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Summary

Chemokines are a large family of small, generally secreted polypeptides
which guide lymphocyte movement throughout the body by controlling
integrin avidity and inducing migration. Here, we look at recent, exciting
findings on chemokine function throughout lymphocyte development and
co-ordinated T and B cell migration during immune responses. Finally,
we will review data on the regional control of immunity by tissue-specific
chemokine receptors on effector/memory lymphocytes.
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Lymphocyte trafficking and chemokines

Lymphocytes are the mammalian cell type migrating by
far the largest distances in their considerable life span."?
After undergoing a selection process in primary lymphoid
organs, naive lymphocytes continually home from blood
to secondary lymphoid organs (SLO), such as peripheral
and mesenteric lymph nodes (PLN and MLN, respect-
ively), spleen and gut-associated lymphoid tissue inclu-
ding Peyer’s patches (PP). Inside SLO, T and B cells
localize in T cell area and B cell follicles, respectively,
where they screen antigen (Ag)-presenting cells for speci-
fic surface Ag complexes. Upon activation with cognate
Ag in presence of costimulatory molecules, T and B cells
undergo specific changes in microenvironmental position-
ing. These changes allow T-B cell interactions at the
T cell area—B cell follicle border and in germinal centre
(GC) light zonmes to occur.”® Activated T and B cells
eventually leave SLO to accumulate at sites of inflamma-
tion or other effector sites.*” Activation of naive T cells
in PP results in selective imprinting of gut tropism of
effector cells, whereas activation in PLN gives rise to skin
homing T cells.®> After immune responses, various long-
lived memory T cell subsets patrol the body showing tis-
sue-selective recirculation pathways through gut, skin or
SLO.*?

Chemokines constitute a large family of small (8-
12 kDa), structurally related polypeptides which, together
with adhesion receptors, orchestrate all lymphocyte
migration described above. Chemokines can be consid-
ered organizing factors of the immune system and
co-ordinate microenvironmental architecture of primary
and SLO during physiological and pathological conditions.

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 1-12

Keywords: chemokines;
secondary lymphoid organs

integrin activation; lymphocytes; migration;

Chemokines exert their functions by binding specific Go;-
protein coupled chemokine receptors (CKR) on the lym-
phocyte surface (Table 1). The extraordinary diversity of
chemokine function is due principally to two effects trig-
gered by chemokine binding to its cognate receptor. First,
chemokines induce directed migration of lmphocytes in
subset-specific manner in in vitro migration assays.
Within tissue, chemokines induce T and B lymphocyte
separation into physically distinct microenvironments
such as T and B cell areas where subset-attracting chemo-
kines are expressed.” It is currently unclear whether
chemokines induce separation along a chemotactic (i.e.
soluble) or haptotactic (i.e. surface-bound) gradient, or
whether chemokines promote mainly random migration
(chemokinesis) and retention of cells in their specific
microenvironment.'®'" In support of the latter, multipho-
ton intravital images of mouse lymph nodes revealed
apparently random migration patterns of lymphocytes
within their specific microenvironments.!"'? In addition,
chemokine gradients between adjacent microenvironments
have thus far not been well characterized."" Future experi-
ments including a careful quantitative analysis of chemo-
kine distribution in tissue sections and multiphoton
observation of Ag-specific cell migration at the T cell
area—B cell follicle border (see below) should shed light
on this important issue.

Secondly, in addition to migration, chemokines rapidly
increase binding avidity of integrin adhesion receptors by
inside-out signalling pathways.'>'* Integrin activation
usually implies conformational changes, which increase
binding avidity to members of the Ig superfamily recep-
tors."” This function of chemokines is absolutely required
to arrest blood-borne lymphocytes inside postcapillary
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Table 1. Mouse chemokines and their receptors. Chemokines can be
classified into two major subfamilies differing in the position of two
of four highly conserved cysteines. In CXC chemokines, the two
N-terminal cysteines are separated by a single amino acid, whereas
in CC chemokines these two cysteines are not separated. Exceptions
to this classification are chemokines that lack two of the four
mentioned cysteines (XC chemokines) and CX3CL1, in which three
amino acids separate both cysteines. Alternatively, chemokines can
be divided according to their expression patterns. Homeostatic
chemokines, for example CCL21 and CXCL13, are expressed consti-
tutively in secondary lymphoid organs, whereas inflammatory chemo-
kines, such as CXCL9/10, are often associated with inflamed tissue.
No mouse homologues have been found so far for the human chemo-
kines CCL13, CCL14, CCL15, CCL18, CCL23, CXCL8 and the recep-
tors CXCR1 and CXCR3b. Interactions between chemokines and their
CKR which are inferred from the human system but not tested directly
in the murine system are not shown in this table

Chemokine Receptor

CC chemokine/receptor family
CCL1 CCR8
CCL2 CCR2
CCL3 CCR1, CCR5
CCL4 CCR5
CCL5 CCR1, CCR3, CCR5
CCLé' CCR1?
CCL7 CCR1
CCL8 CCR3
CCL9' CCR1
CCL10*" Unknown
CCL11 CCR3
ccL12! CCR2
CCL16 CCR1
CCL17 CCR4
CCL19 CCR7
CCL20 CCR6
CCL21 CCR7
CCL22 CCR4
CCL24 CCR3
CCL25 CCR9
CCL26 CCR3
CCL27 CCR10
CCL28 CCR3, CCR10

CXC chemokine/receptor family
CXCL1 CXCR2
CXCL2 CXCR2
CXCL3 CXCR2
CXCL4 Unknown
CXCL5 CXCR2
CXCL6 CXCR2
CXCL7 CXCR2
CXCL9 CXCR3
CXCL10 CXCR3
CXCL11 CXCR3
CXCL12 CXCR4
CXCL13 CXCR5
CXCL14 Unknown
CXCL15' Unknown
CXCL16 CXCR6

Table 1. (Continued)

Chemokine Receptor
XC chemokine/receptor family

XCL1 XCR1

XCL2 XCR1
CX3C Chemokine/receptor family

CX3CL1 CX3CR1

1 . .
Mouse chemokines with no known human homologues.

venules of SLO or non-lymphoid tissue. Under physio-
logical conditions, integrin activation appears restricted to
selected chemokines presented on the luminal side of
blood vessels.'® Lymphocytes express mainly members of
the o4 and P2 integrin families. Simplistically, the a4f7
integrin mediates gut tropism by binding MAdCAM-1,
whereas the B2 integrin LFA-1 plays a more universal
role for cell adhesion. The 04B1, or VLA-4, integrin, is
required for adhesion to bone marrow (BM) vessels.>!”
In some cases, migration and integrin activation are inter-
dependent events. As an example, integrins are required
for interstitial B cell migration within spleen,'® although
in in vitro assays lymphocyte migration can occurr in
absence of integrin ligands.

In this review, we will focus on chemokines controlling
lymphocyte migration and integrin activation in primary
and SLO. Furthermore, we will discuss chemokine regula-
tion of lymphocyte migration within SLO during immune
responses, and towards extralymphoid sites during the
effector phase. Finally, exciting recent findings of special-
ization of memory lymphocyte migration will be revised.
Due to space constraints, this review can none the less
provide only a limited overview over the numerous path-
ways by which chemokines organize the adaptive immune
system.

Migration within primary lymphoid organs

Primary lymphoid organs — fetal liver during develop-
ment versus thymus and BM in adult animals — are the
sites of lymphocyte production. CKR expression on lym-
phocyte precursors within thymus and BM correlates with
chemokine expression patterns and, especially in thymus,
clearly defined microenvironments.'”” Here, we review
the evidence for chemokine regulation of lymphocyte
development.

T cell migration into, within and out of thymus:
potential roles for CXCR4, CCR7 and CCR9

During embryogenesis, blood-borne prethymocytes deri-
ved from hematopoietic stem cells first colonize the thy-
mus primordium at embryonic day 11-5 (E11-5) in mice
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and after 7-8 weeks of gestation in humans.*®*' Pre-
thymocytes colonize fetal thymus prior to organ vasculari-
zation (which takes place between E13-5 and E15-5%12%),
possibly via blood vessels adjacent to the thymus anlage.
In plt/plt mice, a naturally occurring mutant mouse strain
lacking expression of CCL19 and a SLO-expressed isoform
of CCL21, and in CCR7™~ mice, fetal thymus colonization
at early embryonic stages is delayed as reflected in a
decrease of total thymocyte numbers.”! CCR9-deficient
mice display a similar delay in thymic cell numbers on
E13-5-E18-5.”>* Of note, mice lacking CCR9 do not have
a defect in precursor cell numbers at E11-5, the earliest
time-point these cells can be detected in fetal thymi.** This
is consistent with the observation that thymic expression
of the CCRY ligand CCL25 is detected only from day
E12:5 onwards.”' It is currently unclear whether the
approximately 10-fold increase of precursors between
El1-5 and 12-5 is due to massive proliferation of precur-
sors that homed to thymus on E11-5, or a second wave of
immigrant precursors on E12-5 mediated by CCL25, or
both.?'"** In any case, at later time-points (approximately
E18-5 onwards), thymic cellularity in absence of CCR7 or
CCRO9 is again comparable to control thymi, due perhaps
to increased proliferation. Fetal thymocytes also migrate
in vitro to CXCL12;** nevertheless, CXCL12 and CXCR4
are not needed for thymic colonization.*

Interstitial thymocyte migration in adult animals

In adult animals, BM-derived prethymocytes enter thy-
mus through blood vessels located at the cortical-medul-
lary junction (CM]J). The factors inducing thymic
recruitment of these rare blood-borne precursors are not
well defined but may include CCR9 ligands.”® From the
CM]J, precursors migrate into the subcortical zone (SCZ)
for T cell receptor (TCR)B chain rearrangement (Fig. 1).
Recent data has shown that CCR7 is required for efficient
accumulation of recent thymic immigrants in the SCZ.*’
CCR?7 is highly expressed in early thymocytes displaying
an intermediate phenotype between CD4/8-double negat-
ive (DN) 1 and DN2, termed DN1-2.*” In plt/plt or
CCR7-deficient mice, DN1-2 cells accumulate at the CM]J
while DN3/4 cellularity is decreased.”’

Positively selected DP thymocytes reinduce CCR7
expression, which is required for efficient migration into
thymic medulla. Overexpression of CCR7 induces pre-
mature migration of DP cells into medulla®® and CCR7-
deficient single positive (SP) thymocytes appear inside
cortex instead of medulla.’® A point deserving further
investigation is how the same CKR, CCR7, mediates migra-
tion in two opposite directions, from SCZ to CMJ and
from cortex to medulla, at different stages of thymocyte
development. CCL21 was suggested to have a chemorepul-
sive, rather than chemotactic, effect on DN1-2 thymo-
cytes;*® however, this needs to be addressed experimentally.
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Figure 1. CKR expression during postnatal thymocyte maturation.
Blood-borne immature thymocyte precursors enter thymus by poorly
defined adhesion pathways in blood vessels at the corticomedullar
junction (CM]J). At least three CKR (CCR7, CXCR4, CCR9) were
described independently to mediate migration and/or retention in
the subcortical zone (SCZ), where massive proliferation takes place.
Positively selected DP cells increase CCR7 expression, which allows
translocation to the cortex. SP thymocytes exit thymus via CCR7- or
S1P,-dependent pathways to join the peripheral T cell pool. Despite
multiple chemokine-CKR interactions during thymocyte develop-
ment, no single CKR has been found thus far to be indispensable for
T cell generation. Thymocytes and mature T cells are labelled green
in this and subsequent figures. Please refer to text for more details.
Adapted from Witt and Robey.”® DN: double negative cells; DP:
double positive cells; SP: single positive cells.

In mice reconstituted with CXCR4-deficient fetal liver
cells containing thymic precursors, thymocyte develop-
ment is not strongly impaired.’’ In postnatal thymocyte
precursors carrying a thymocyte-specific deletion of
CXCR4, however, progenitors do not develop further
than the DNI stage and accumulate at the CMJ.** The
authors linked the failure of CXCR47~ thymocytes to
progress beyond DN stage to the failed migration to the
SCZ, where niches may provide survival factors, such as
IL-7, to early progenitors.”> CCR9-deficient immature
thymocytes, on the other hand, do not accumulate at the
SCZ but rather distribute randomly across the thymic
cortex.”” Despite impaired SCZ localization, thymocyte
proliferation and maturation into SP cells appeared lar-
gely intact in these mice. CCR9 thus acts as an attraction/
retention factor for SCZ localization whereas homing to
this microenvironment is not a prerequisite for thymic
development.?* It is possible that the impaired maturation
of CXCR4™~ postnatal thymocytes is due to lack of survi-
val signals transmitted via this CKR, as observed for
human T cell precursors.>

Positively selected SP thymocytes exit thymus to join
the peripheral naive T cell pool. Recent studies identified
two receptors involved in thymocyte emigration into
periphery. In newborn mice, CCL19—-CCR?7 interactions
are involved in thymocyte egress.’* The sphingosine-1-
phosphate (S1P) receptor 1 (S1P;), a Go,-protein-coupled
receptor highly expressed in SP thymocytes and naive
lymphocytes, is playing an essential role for egress in
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adult animals.”® S1P, is also central to lymphocyte egress
from SLO into efferent lymphatic vessels, highlighting a
double role for this receptor for efficient T cell exit from
thymus and SLO.

In summary, chemokines clearly shape thymocyte
localization and three-dimensional tissue architecture.
Overall effects on thymocyte development in absence of
single chemokines or their receptors are none the less
rather mild in most cases. Mice deficient in multiple
chemokines or their receptors should uncover potential
redundancy in chemokine usage during thymic T cell
development.

Chemokines during B cell development: a central
role for CXCR4

During embryogenesis, B cell development takes place in
fetal liver. B cell production in postnatal mice is confined
to BM where pre—pro B cells develop into pro-, pre- and
immature B cells, which are released into the blood-
stream. CXCR4 plays a central role during B cell develop-
ment as lack of this receptor or its ligand CXCLI12
severely blocks B lymphopoiesis.”*® Subsequent studies
identified a requirement for CXCL12 for the development
of the earliest identifiable B cell precursors in fetal liver
and BM.”

In addition, CXCR4-mediated signals prevent pre-
mature release of myeloid and B cell precursors from BM
microenvironment. As a consequence, CXCR4™~ precur-
sors are found in increased numbers in blood.”’ CXCR4
thus translates a retention signal to early precursors while
immature B cells somehow lose this signal despite similar
CXCR4 expression. Silberstein and colleagues showed that
B cell precursors translate CXCR4 signals differently to
integrins compared to immature and naive B cells.*’
Whereas chemokine-induced integrin activation in the
latter is short-lived and decreases after few minutes, pre-
and pro-B cells activate a4 integrins for a much longer
time.*® These studies thus provide an elegant explanation
for the long-term retention of precursors in BM, and
identify a change in molecular wiring of CXCR4 signal
transduction during transition from sessile precursors to
recirculating B cells.

B cell precursors are characterized, furthermore, by
defined patterns of CKR expression and chemokine
responsiveness.*’ Pre-pro B cells migrate uniquely to
CCL25.*" Although CCR9-deficient mice show a reduction
in the number of this subtype in BM, overall B cell
lymphopoiesis is only mildly affected in these animals,
excluding a central role for CCL25-CCR9 during B cell
development.?® Responsiveness for SLO-associated chemo-
kines (CCL19, CCL21, CXCL13) increases during B cell
maturation from pro- to pre- to immature B cells, with
CCR7 ligand responsiveness appearing prior to CXCR5
ligand migration.*'

Recent BM emigrants home to spleen where they accu-
mulate at the T-B cell border. Reduced CXCR5 expres-
sion in immature B cells is likely to be the reason for
their accumulation at the edge of spleen B cell follicles.*'
After receiving appropriate survival signals required for
entry into the follicular B cell pool,** these cells increase
CXCRS5 expression which allows their migration into
CXCL13-expressing B cell follicles.*!

Chemokines during naive lymphocyte trafficking:
CXCL12, CCL19/21 and CXCL13

Positively selected naive T and B cells home specifically to
SLO. B cells generally recirculate less avidly through SLO,
although their homing to gut-associated lymphoid tissue
is still relatively efficient.'” The principal port of entry of
blood-borne lymphocytes to PLN, MLN and PP (but not
spleen) are specialized postcapillary venules, the so-called
high endothelial venules (HEV).*'” Lymphocyte adhesion
follows a multistep ‘cross-talk’ with counter-receptors on
high endothelial cells (Fig. 2a). First, cells tether and roll
before they become firmly adherent prior to transmigra-
tion. r-Selectin and P2/04 integrins on lymphocytes are
key adhesion receptors mediating lymphocyte adhesion in
HEV. Because the majority of leucocytes shares these
receptors but does not usually enter lymphoid organs,
lymphocyte tropism depends on endothelium-presented
lymphocyte-specific chemokines, which are causing select-
ive integrin activation of lymphocytes but not other leu-
cocytes inside HEV. For T cells, the CCR7 ligands CCL21
and, to a minor extent, CCL19 are the principal integrin
activating chemokines found on the luminal side of SLO
venules (Fig. 2a).* CXCL12 also participates to a small
extent during T cell adhesion to SLO venules.*> CXCL12—
CXCR4 interactions might be especially relevant for mem-
ory T cells, some of which retain a certain capacity to
recirculate through SLO.**

Chemokine requirements for B cell entry into SLO dif-
fer slightly from T cells. B cell integrin activation relies
on both CCR7 and CXCR4 in PLN HEV.** CXCR5 and
its ligand CXCL13 are additionally involved in integrin
activation in PP HEV (Fig. 2a) and B cell homing to
MLN.*** CXCL13 is also found by immunohistology on
most PLN HEV, but its physiological significance is as yet
unclear.*” Interestingly, PP HEV display subset preference
during lymphocyte recruitment: whereas T cells arrest
predominantly in T cell area-associated PP HEV, B cells
accumulate preferentially in follicle-associated HEV.**®

Arrested lymphocytes cross the endothelial lining and
transmigrate into underlying lymphoid tissue by poorly
characterized mechanisms which may depend, at least in
part, on shear forces exerted by blood.'>*” CCL19 and
CCL21 expressed in the T cell area attract or retain T cells
in this microenvironment, whereas B cells accumulate in
B cell follicles, where CXCL13 is produced by FDC
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Figure 2. Chemokines during physiological lymphocyte homing to secondary lymphoid organ. (a) Multistep adhesion pathways of T and B cells

in the microcirculation of peripheral lymph nodes and Peyer’s patches microcirculation. After L-selectin-mediated tethering and rolling of blood-

borne T cells along peripheral node addressin (PNAd), endothelium-presented CCL21 and CCL19 bind CCR?7 on rolling cells and rapidly trigger

signals that are transmitted to integrins such as LFA-1. CKR-mediated signals induce conformational changes on integrins, resulting in affinity up-

regulation and firm adhesion to ICAM-1 and-2. Adherent T cells transmigrate into the surrounding lymphoid tissue and accumulate in the T cell

area, attracted by CCR7 ligands expressed in this microenvironment. B cell (labelled yellow in this and subsequent figures) adhesion in PLN

venules additionally relies on CXCR4- and potentially CXCR5-dependent signals. Firm lymphocyte arrest in PP venules involves a4f7 integrin—

MAdCAM-1 interactions during rolling and firm arrest, and in the case of B cells, CXCR5. After transmigration, B cells accumulate in CXCL13-

expressing B cell follicles. (b) Lymphocyte homing to spleen white pulp. T and B cells are released in sinuses located in the marginal zone and red

pulp, from where they are attracted via G-protein-dependent signals towards the T cell area. In the case of T cells, this signal probably derives from
CCR?7 ligands, whereas in the case of B cells, both CCR7 and CXCR5 ligands might contribute to this migration. After a short delay, B cells con-
tinue their migration into CXCL13-expressing B cell follicles, whereas T cells are held back in the T cell area. Please refer to text for more details.

EC: endothelial cells; LFA-1: lymphocyte function-associated molecule-1, oy B,; PNAd: peripheral node addressin; ICAM-1: intracellular adhesion

molecule-1; MAACAM-1: mucosal adhesion cellular adhesion molecule-1; MZM: marginal zone macrophages; MZB: marginal zone B cells.

(Fig. 2a).” Importantly, a subset of CD4 cells also expres-
ses CXCR5 which allows them to migrate towards B cell
follicles and provide B cell help (see below). In PP,
CXCR4™™ B cells home to B cell follicles but were also
found in adjacent lamina propria, arguing for a role of
CXCR4 in B cell retention inside follicles.*®

In contrast to HEV-containing SLO, T and B cells
entering spleen are passively released in sinuses of the
marginal zone (MZ) and red pulp (Fig. 2b). From there,
lymphocytes are attracted by CCR7 ligands, and possibly
other CKR such as CXCRS5, into splenic white pulp, usu-
ally entering at the border between T cell area and B cell
follicles (Fig. 2b).> B cell migration into white pulp is
integrin-dependent, whereas integrin-independent path-
ways exist in T cells.'® In adoptive transfer experiments,
both subsets accumulate first in the T cell area (1 hr after
i.v. injection) from where B cells migrate into CXCLI3-
expressing B cell follicles (after 2—4 hr).* CXCR5"" B
cells fail to form proper follicles and accumulate instead
around the T cell area, probably attracted with low effic-
acy by CCR?7 ligands.™
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A role for CXCR4 during B cell homing to spleen was
investigated further using B cell-restricted CXCR4 mutant
mice. CXCR4-deficient B cells still accumulated in splenic
B cell follicles although, unexpectedly, the authors did not
observe in vitro migration towards CXCL13-*® Tt is
currently unclear whether other CKR, such as CCR6,
may mediate follicular localization of B cells under these
circumstances.

Interstitial lymphocyte migration and egress

Recent studies using multiphoton intravital microscopy
have revealed that far from being stationary, T and B cells
move vigorously within their specific microenvironments
following apparently random migration pathways.'>'?
Interstitial lymphocyte migration probably increases DC
screening efficiency, which may accelerate immune
response initiation. As chemokines, even in the absence of
a gradient, provoke random migration, CCL19/21 and
CXCL12/13 may be important motility-inducing factors
in vivo. Other tissue factors, such as thromboxane A2
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(TXA2), may also contribute to interstitial lymphocyte
motility.>' In case lymphocytes do not encounter their
Ag, they emigrate via efferent lymphatic vessels back into
the bloodstream using S1P-dependent pathways.”” Effer-
ent lymphatics eventually transport T and B cells back
into the bloodstream, from which they will continue
homing to SLO, thus completing their recirculation.

MZ B cell and B1 migration

In spleen, immature B cells develop into follicular or MZ
B cells, depending on BCR signalling strength.*> MZ B
cells localize to the MZ adjacent to B cell follicles, despite
similar in vitro migration to CXCL13*' and although
CXCLI3 is not expressed in the MZ.*> Upon stimulation
with lipopolysaccharide (LPS) or other inflammatory
stimuli, MZ B cells rapidly (within 3-6 hr) translocate to
B cell follicles in a CXCR5-CXCL13-dependent manner.”
Recent work by Cyster and colleagues has revealed that,
in the absence of inflammation, MZ B cells receive a
retention signal triggered by S1P;.>> Upon pharmacologi-
cal or genetic ablation of SIP; signalling, MZ B cells
migrate into B cell follicles in a CXCR5-dependent
manner (Fig. 3a), even in the absence of inflammatory
stimuli.® This suggests that S1P, signals override
CXCR5-mediated migration to a potential CXCL13 gradi-
ent or, alternatively, inhibit random motility of MZ B
cells and subsequent accumulation in B cell follicles.
Lymphocyte egress from thymus and PLN may be simi-
larly controlled by S1P; signalling strength modulation,
rather than decreased CKR responsiveness.”*

B1 cells constitute a B cell subset present in body cavit-
ies such as peritoneum. Together with MZ B cells, Bl
cells are responsible for early humoral responses against
bacterial pathogens.”® Bl cells chemokine responsiveness
is similar to follicular and MZ B cells, although they
migrate somewhat less to CCR7 ligands.*' B1 cell recruit-
ment to peritoneum takes place in vessels present in spe-
cific lymphoid accumulations in the omentum and
requires CXCL13.”® Additional selective adhesion mecha-
nisms probably exist for the specific accumulation of Bl
cells at this location, as follicular B cells do not home
avidly to this microenvironment.

Balanced responsiveness to chemokines directs
initial T-B cell encounters during immune
responses

When confronted with cognate Ag—-MHC complexes in
combination with appropriate costimulatory molecules,
T cells become activated, express inflammatory cytokines
and divide.® Activated T cells also change adhesion mole-
cules surface expression levels; for instance, they down-
regulate L-selectin surface levels, while increasing CD44,
LFA-1 and o4 integrin levels.* A subset of Ag-specific

CD4 cells transiently increases CXCR5 expression while
decreasing CCR?7 ligand responsiveness, allowing them to
migrate into close proximity to the B cell follicle bor-
der.>’ Activated B cells undergo parallel changes in CKR
expression: they transiently increase CCR7 levels and
ligand responsiveness while maintaining CXCR5 surface
expression.”® Co-ordinated regulation of CKR levels
results in efficient T-B-cell encounters at the edge of folli-
cles where B cells receive CD4 cell help via CD40L-CD40
and other costimulatory factors (Fig. 3a).® CKR level
modulation allows cells to fine-tune their response to dis-
tinct chemokine signals such that relative levels of two
CKR are integrated to position cells at ‘intermediate’
points of two juxtaposed chemokine sources. Balanced
responsiveness by CKR expression level modulation
appears to constitute an important principle for intersti-
tial lymphocyte positioning. Although in the set of experi-
ments described by Cyster and colleagues® CKR surface
levels correlate with migratory capability, in other cases,
CKR levels and ligand responsiveness do not necessarily
correlate.”

Regional control of effector cell tropism

While some CD4 cells provide B cell help, other activated
CD4 and CD8 cells leave draining PLN via efferent
lymphatics and use the blood circulation to accumulate
at sites of inflammation. High selectin ligand levels and
expression of ‘inflammatory’ CKR, such as CXCR3, char-
acterize these effector cells.”” The co-ordinated changes
in CKR and adhesion molecule expression grant these
cells access to inflamed tissue in which postcapillary
venules present counter-receptors and inflammatory
chemokines.*'” Importantly, adhesion molecule and CKR
expression strongly depend on whether lymphocyte acti-
vation takes place in PLN or PP. Expression of CCR4
and/or CCRI0, together with increased selectin ligand
expression, characterizes skin-homing effector T cells
activated in PLN, whereas T cells activated in PP increase
CCRY and 047 expression (Fig. 3b).® CKR patterns are
paralleled by regional co-ordination of venular chemo-
kine presentation; CCL17 and CCL25 are expressed
preferentially in skin and small intestine venules,
respectively.®

Recent experiments have shown that induction of skin
versus gut-selective CKR expression is, at least in part,
imprinted by dendritic cell (DC) origin. PP- but not
PLN-derived DC induce CCR9 and o4f7 expression
through pathways involving retinoic acid-mediated signal-
ling.®”®' In the absence of retinoic acid signalling, a
default skin tropism appears to prevail, although addi-
tional tissue factors present in PLN may provide further
cues.”” As PLN and PP sample and present Ag from skin
and gut, respectively, region-specific homing patterns
have probably evolved to ensure maximal efficiency in
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CCR7 expression. Balanced responsiveness to CXCR5/CCR7 ligands results in Ag-specific T-B cell encounters at the T-B cell area border. In the
spleen, inflammatory stimuli decrease S1P signalling in MZ B cells, allowing accumulation of MZ B cells in CXCL13-expressing B cell follicles.
(b) Regional control of chemokine and adhesion receptor expression on effector T cells. Peyer’s patches (PP) DC produce retinoic acid, which is
required for imprinting of gut tropism via CCR9 and 04B7 up-regulation while suppressing skin-homing receptors. In contrast, peripheral lymph
nodes (PLN) DC direct skin tropism on activated T cells by increasing CCR4/10 and selectin ligand expression in what appears to be at least in
part a default mechanism. (c) Chemokine control of germinal centre (GC) anatomy. CXCR4 mediates centroblast accumulation in GC dark zones
while CXCRS5 is required for proper orientation of light—dark zones towards T cell areas. It is probable that CXCRS5 is also dependent for centro-
cyte migration towards light zones, where follicular T helper cells participate in providing centrocyte help. Please refer to text for more details.
DC: dendritic cell; FDC: follicular dendritic cell; CC: centrocyte; CB: centroblast; Tgy: follicular helper CD4 T cell.
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directing effector cell migration to sites of inflammation.
CKR and adhesion molecule levels are also maintained on
long-lived memory T cell subsets. These cells contribute
to continuous immune surveillance in extralymphoid tis-
sue most exposed to potential pathogens, i.e. gut and
skin.* Importantly, memory T cells can reprogram their
tissue tropism upon stimulation with appropriate DC,
which allows for flexible redirecting of secondary immune
responses. This may be important when dealing with the
same pathogen at different body locations.®®

CKR expression on effector and memory T cell
subsets: more diverse than initially assumed

In human blood, two subsets of CD45RO™ can be distin-
guished on the basis of CCR7 and L-selectin expression.
So-called central memory (CM) T cells are characterized
by high r-selectin and CCR7 surface levels and thus
maintain the ability to home to SLO.** Upon stimulation,
CM T cells were found to be poor cytokine producers but
provided efficient B cell help and Ig class switching.
CCR7'%L-selectin'®™¢ effector memory (EM) T cells
efficiently produced cytokines after restimulation and
expressed CKR critical for migration to sites of inflamma-
tion.®*

Although CM/EM-like T cells with lymphoid and extra-
lymphoid homing potential are clearly present in
mice,®>%° subsequent studies have refined and differenti-
ated CKR usage on CM and EM T cells.”"*° It is clear
now that CCR7 on effector/memory T cells is not restric-
ted to the CM subset, especially in the mouse system.’
Effector cells at sites of inflammation often express CCR?7,
although upon further differentiation in the periphery,
CCR?7 levels decrease.”®”" In mice, most cytokine-produ-
cing T cells in spleen are CCR7", although their relative
proportion is slightly decreased compared to the CCR7~
subset. While these observations hint at a potential SLO
homing capacity of effector cells, CCL19 and CCL21
might also function in effector cell recruitment to sites of
inflammation. For example, CCR7 ligands are found on
postcapillary venules under certain inflammatory condi-
tions’>”*> and CCR7" effector cells are present in inflamed
joints.*” CCR7 ligands can apparently act as both homeo-
static and inflammatory chemokines. Under these condi-
tions, selective recruitment of naive versus effector subsets
could depend on L-selectin versus E/P-selectin ligand sur-
face levels, rather than CKR expression. On the other
hand, CCR7-independent homing of certain CM T cell
subsets to SLO has been observed,** and the most effi-
cient B cell help-providing T cells, the follicular helper
CD4 cells found in GC light zones (Fig. 3c), have
completely lost CCR7 responsiveness.”*’> In summary,
although CCR7" T cells are enriched in the CM popula-
tion, CCR7 alone is not a suitable marker to differentiate
CM and EM T cells.

When analysing CKR expression patterns induced on
Th1/Th2 cells under selected in vitro polarizing condi-
tions, Th1 cells express predominantly CCR5 and CXCR3,
whereas Th2 cells express CCR4 and CCR8-"® However,
when Kim et al. isolated Th1/Th2 CD4 cells from human
blood and analysed CKR expression profiles, they
observed that no single CKR was expressed exclusively
within a given subset.”” Although CXCR3 and CCR4 are
expressed on virtually all Thl and Th2 cells, respectively,
CXCR3*CCR4" double positive cells were found in both
populations.”” Furthermore, CCR5 expression correlated
only with a Thl phenotype when coexpressed with
CXCR3. In absence of CXCR3, CCR5" memory cells are
mainly non-polarized. The authors conclude that in addi-
tion to Thl and Th2 associated CKR (CXCR3 and CCR4,
respectively), a second class of CKR are enriched but not
associated exclusively with effector cell subsets. A majority
of Th1/Th2 effector cells also express CCR7, which may
allow these cells to home to SLO, in addition to extralym-
phoid sites.”” Taken together, CKR expression patterns on
CM/EM and Th1/Th2 T cell subsets follow more complex
rules than appreciated initially, indicating that memory/
effector cells can disseminate into a variety of target tis-
sues and, at least in some cases, into both lymphoid and
non-lymphoid tissue.

Regulatory T cell trafficking

Regulatory T cells (T,;) are a subset of CD4 cells, which
modulate immune responses by dominantly suppressing
T cell activation.”” As these cells are thought to exert
their function at least in part by cell-to-cell contact
during T cell activation in SLO and/or by secretion of
anti-inflammatory cytokines in extralymphoid tissue, it is
likely that T, subsets home to SLO as well as to
inflamed tissue.”” Recent work has indeed shown that
T,eg consist of at least two populations with distinct
homing potential.”® T,eg expressing the o integrin (which
encompass both CD25-positive and negative T;) migrate
efficiently to ligands for CXCR3, CCR4, CCR6 and
CCR7, express P/E-selectin ligands and home preferen-
tially to inflamed tissue. In contrast, CD25 oz~ Tyeg are
L-selectin™®", migrate preferentially to CCR7 ligands and
home well to SLO.”® An open question is whether og*
Tyeg derive from o CD25" precursors or by independent
pathways. In any event, these data highlight the recurrent
scheme of division of labour between memory subsets, as
observed previously for CM/TM memory T cells.” Again,
CCR7 does not appear a good marker to differentiate
between og-positive and negative T, as both migrate
efficiently to CCL19.”®

Within lymphoid tissue, CCL4 produced by activated B
cells and Ag-presenting cells attracts T, CCL4 deple-
tion leads to development of autoantibodies, possibly by

decreasing T,g recruitment to Ag-presenting cells. As mice
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deficient in the CCL4 receptor CCR5 do not develop auto-
immune disease spontaneously,’® in contrast to other
mouse models with impaired T,.q function’’ other mecha-
nisms for T\, recruitment are likely to exist.

Chemokines during humoral immune responses

During an immune response, follicular B cells carrying
appropriate BCR become activated and receive T cell
help at the T-B cell border area (Fig. 3a). A subset of
activated B cells differentiates directly into low-affinity
IgM producing plasma B cells. Other activated B cells
form GC where they start to proliferate as so-called
centroblasts and where somatic hypermutation, affinity
maturation and class switching occurs. High-affinity
Ig producing B cells (centrocytes) are positively selected
to become memory or plasma cells. Proliferation of
centroblasts and positive selection of centrocytes are
taking place in the dark and light zones of GC,
respectively. Centroblasts that have undergone massive
proliferation and somatic hypermutation migrate from
the dark zone to the light zone, where high affinity
Ab-producing centrocytes receive T cell help and survival
signals.

Recent work has uncovered a role for chemokines
during GC formation. CXCR4 is required for correct
GC morphology by attracting or retaining centroblasts
in the dark zone whereas CXCRS5, albeit not required
for centroblast/centrocyte zone separation, is implied in
correct dark/light zone positioning relative to the T cell
area (Fig. 3¢). In the absence of CXCR5, GC dark zones
are often not proximal to the T cell area but at appar-
ently random positions. An interesting aspect which
deserves further investigation is the lower expression of
CXCLI12 and CXCL13 in GC compared to the follicular
B cell mantle; nevertheless, GC B cells do not migrate
outside GC.*' CXCL12 and CXCLI3 thus organize GC
in a microenvironment-restricted manner. Several sce-
narios are possible to explain this observation, including
expression of a GC B cell-specific chemoattractant in
GC.®' Alternatively or in addition, adhesion molecules
such as fibronectin or VCAM-1 might be expressed at
higher levels in GC and confer superior retention of GC
B cells.

Subsets of activated B cells survive long-term as
memory or plasma B cells. IgA secreting plasma cells
arise mainly after activation in mucosa-associated
lymphoid tissue and upper aerodigestive tract. These cells
disseminate subsequently to mucosal sites related to the
site of induction. In addition to o4f7 and CCRY,
mucosa-homing IgA plasma cells typically express
CCR10, which binds epithelially presented CCL28
expressed in colon, the respiratory/urogenital tract and
mammary glands.” IgA plasma cells homing to the upper
aerodigestive tract usually express CCR10 and o4P1
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but are CCR9™". Conversely, IgG secreting plasma cells
arise in spleen, peripheral and gut-associated lymphoid
tissue, but disseminate preferentially to non-mucosal-
associated tissue. IgG plasma cells express a4f1 and
CXCR3, which allows them to enter non-mucosal sites
of inflammation. In addition, IgG plasma cells home
avidly to BM, most probably via CXCR4-dependent path-
ways. Of note, some IgA-secreting plasma cells also
migrate to BM, as they maintain responsiveness to
CXCL12’.

Homeostatic chemokines and initiation of
immune responses

Chemokines are clearly required for efficient effector cell
migration to sites of inflammation.* An interesting aspect
is the actual importance of chemokines and, as a
consequence, ordered lymphoid microenvironments, for
effective immune response initiation. In analogy with
thymocyte development, CKR are not always indispens-
able for generation of immune responses. Although CCR7
deficiency strongly reduces immune reactions which
involve DC migration to draining lymph nodes, systemic-
ally administered Ag produces comparable, albeit delayed,
immune reactions in these animals.* Similar observations
have been made in plt/plt mice challenged with T cell-
dependent Ag® or virus.*> Also, CXCR5 deficient mice
show similar antibody production when Ag is adminis-
tered systemically.”® How does this fit into the hypothesis
of the importance of SLO organization? It appears that in
the presence of strong inflammatory stimuli administered
systemically, the role of structured lymphoid tissue for
immune reaction initiation is less important. It is possible
that in the absence of chemotactic cues, random motility
within these organs brings immune cells into close
enough contact to trigger immune responses, overriding a
requirement for highly defined SLO structure. Alternat-
ively (or in addition), as both activated DC and T cells
employ CCR7 to localize in T cell areas, these two cell
types may be inhibited similarly in the absence of CCR7
or its ligands and instead interact outside T cell areas.®>**
Despite these observations, it is likely that chemokine-
mediated lymphocyte migration and SLO organization
plays a central role in regulating immune responses under
physiological conditions. Plt/plt mice show defective
immune response down-regulation®* due perhaps to Treg
trafficking defects. Other examples include CCR6™~ mice,
where altered PP architecture correlates with impaired
humoral responses to orally administered Ag®®> and B cell
restricted CXCR4-deficient mice, which have impaired
T-independent Ag humoral responses. Finally, it is con-
ceivable that in larger mammals, immune responses to
inflammations with local character depend more strongly
on efficient immune surveillance by recirculating lympho-

cytes.
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Concluding remarks

Recent years have greatly advanced our knowledge on
how chemokines regulate trafficking of lymphocyte sub-
sets in health and inflammation/disease. Chemokines,
together with adhesion receptors, are central to efficient
recirculation, appropriate structuring of lymphoid tissue
and cell recruitment to extralymphoid sites. Important
recent results uncovered chemokines directing regional
migration patterns, such as skin and gut tropism.® Chemo-
kine control of B cell subset positioning, such as during
GC formation or Bl cell homing, constitute another area
which has seen important breakthroughs.’®®' Specific,
non-redundant task have now been found for many
chemokines and their receptors. As the characterization
of immune cell subsets, such as T,e,s and effector/mem-
ory lymphocytes, is constantly evolving, CKR and adhe-
sion receptors analysis should allow more detailed
insights into trafficking, and consequently function, of
these cells.
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